The magnetic properties of the L1 0 -FePt/Fe exchange-coupled composite nanodots were investigated by Hall effect measurement due to its high sensitivity. The FePt/Fe nanodots showed that the coercivity changed irregularly with respect to the Fe thickness, which was deviated from the simulated results where the coercivity of the ECC dots reduced with the increase of Fe soft layer thickness. It was found that the edge damage induced by ion-milling affected the coercivity of the nanodots significantly and the magnetization reversal mechanism. Domain wall nucleation and propagation was revealed in the FePt single domain dots. In the FePt/Fe ECC nanodots, the magnetization gradually reversed from the out-of-plane direction towards the in-plane direction before switching to the reversed out-of-plane direction. The critical size of magnetic single domain in the FePt/Fe ECC nanodots increased with the increasing of Fe soft layer thickness.
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Introduction
The development of nanotechnology in the last three decades has made the things become smaller and work more efficiently as foreseen by Richard Feynman in his famous talk "There is plenty of room at the bottom" in 1959 [1] . Nanostructured materials are widely used in information storage, electronics, bioengineering, medical application, optical engineering, energy conservation, environmental protection, nanofabrics, cosmetics, defence & security etc. The innovation of applying magnetic materials into the information storage technology, such as the magnetic recording thin film, the giant magnetoresistance (GMR) sensor [2] , and the tunneling magnetoresistance (TMR) sensor [3] used in the hard disk drives, provides us the cheapest data storage today at the cost of few cents for storing 1 Gbyte of information. The emerging nonvolatile magnetic random access memories (MRAMs) [4] are believed to boost the recording speed further. With the continuous reduction in feature size, magnetic materials of large magnetic anisotropy are needed to sustain the thermal stability for a storage life of more than 10 years.
One of the most potential candidates for the future recording technology, such as patterned magnetic recording media [5] , heat-assisted magnetic recording (HAMR) media [6] , and spintronics [7] , is the L1 0 -FePt which has an extremely high magnetoanisotropy (7×10 7 erg/cc) and good correction resistance [8] . However, writability is a concern for using high anisotropic magnetic materials. The switching field of L1 0 -FePt is far beyond the available writing field. To overcome this problem, exchange-coupled composite (ECC) [9] was introduced to assist the magnetization switching by exchange-coupling the magnetically soft phase to the magnetically hard phase. Bilayer [10] , ledge-type [11] , and core-shell [12] structured L1 0 -FePt ECC have been widely reported. However, the shape deviates from the proposed ECC structure where the soft and hard phases stacking exactly on the other. This deviation may affect the magnetization reversal mechanism of the L1 0 -FePt ECC. To achieve the exact ECC structure, L1 0 -FePt/Fe ECC nanodots with the Fe soft phase stacking on top of the FePt hard phase was fabricated by 3 patterning the L1 0 -FePt/Fe bilayer. In general, there are two types of approaches to create the nanopatterns: top-down processes which are based on direct lithography and nanoimprint, and bottom-up processes which use polymer self-assembly [13] . L1 0 -FePt nanodots have been fabricated by electron beam lithography (EBL) [14] [15] , nanoimprint lithography [16] [17] , and copolymer self-assembly [18] , respectively, followed by dry etching. In our work, the nanodots were fabricated by the top-down method involving EBL and ion milling.
As the feature size reduces, restudying the magnetic properties including magnetization reversal and magnetic domain structure is needed since the magnetic properties are sizedependent. However, characterizing the magnetic properties of the L1 0 -FePt nanodots is another challenge because the commercial equipment such as vibrating sample magnetometer (VSM), alternating gradient force magnetometer (AGFM), and superconducting quantum interference device (SQUID) detection system has a sensitivity limit of 10 -6 emu which requires large patterned area to provide enough signals. Patterning in a large area is not effective for research as it encounters the uniformity problem during nanoimprint or copolymer self-assembly, and the cost and time problem when use EBL. The traditional way is to use magnetic force magnetometer (MFM) to measure the switching status of the dot array [14, [19] [20] [21] . However, there are disadvantages of this characterization method: the quality of the MFM images is affected by the MFM tip resolution especially for dot size smaller than 20 nm; only remanent magnetization can be measured; there is no temperature variation; angular dependent measurement is invalid; and the dot-counting is inconvenient. An alternative way is to use the highly-sensitive anomalous Hall effect (AHE) measurement [22] [23] [24] to characterize the magnetic properties of the magnetic nanodots with perpendicular magnetization by composing the nanopatterns into the Hall bar. It can provide more types of measurements such as angular-and temperature-dependent hysteresis loops and magnetic recoil loops.
In the current work, the patterned L1 0 -FePt nanodots and L1 0 -FePt/Fe ECC nanodots were used to simulate the exact ECC structure which consists of one soft phase and one hard phase 4 stacking in the same columnar grain. Highly-sensitive AHE measurements were applied to investigate the magnetic properties and reversal mechanism of the nanodots. Since the patterning processes involved ion milling which would result in extrinsic magnetic defects that modify the magnetic properties and domain structure of the magnetic film as found in the (Co/Pd) n multilayer nanodots [25] [26] , it is crucial to understand the effect of the edge damage on the magnetic properties and magnetization reversal mechanism. Although some research groups have investigated the magnetic properties of the L1 0 -FePt based ECC nanopatterns [27] [28] [29] , a detailed study on the effect of ion milling damage and the Fe film thickness on the magnetic properties of the L1 0 -FePt/Fe ECC nanodots has not been reported. Here a systematic study of the effect of Fe film thickness and ion milling damage on the magnetic properties, magnetization reversal and magnetic domain structure was reported.
The manuscript was organized as follows. A detailed description of the sample fabrication, the measurement setup and the micromagnetic simulations are given in Section 2. In Section 3 the coercivity, the magnetization reversal mechanism and magnetic domain structure of the L1 0 -FePt and L1 0 -FePt /Fe ECC nanodots are presented and discussed. The effect of the ion-milling damage on the magnetic properties was investigated. A short conclusion is given in Section 4.
Experiments and methods
The nanopatterns were fabricated by the deposition of continuous magnetic films followed by 
where I is current, t is layer thickness, M is magnetization, V offset is off-set voltage, R 0 is normal Hall coefficient, R s is anomalous Hall coefficient, and k is a constant related to the anisotropic magnetoresistance effect. R s is usually one or two orders higher than the other two coefficients.
The out-of-plane magnetization and in-plane magnetization at each magnetic field can be method [33] [34] [35] which analyzed the normalized magnetization curve measured by AHE method. is assumed to be 1.0×10 -6 erg/cm. The mesh size used is 1×1×1 nm. The simulation was carried out at 0 K using the convergence (1.0×10 -8 ), which is the absolute value of the change during the iteration process of any direction cosine component, as the exit criteria for the calculation.
Results and discussion
Magnetic properties of L1 0 -FePt and L1 0 -FePt /Fe ECC nanodots
In the XRD pattern, only (001), (002) and (003) The soft phase inside the FePt layer was revealed in the magnetic recoil loops shown in figure 4 (a). In the 100 nm dots, the magnetization was almost unchanged upon removing the reversal magnetic field, indicating there is no soft phase or the magnetically soft phase and hard phase are strongly coupled. In the 50 nm dots, upon removing the magnetic field, a small amount of magnetization reversed the direction, which showed the exchange spring effect. The reversible component was the soft phase which was not fully exchange-coupled to the FePt hard phase.
Since the ion milling conditions for the 100 nm dots and the 50 nm dots and the inter-dot gap 10 were the same, the damage caused by the ion milling for these two types of dots should be similar.
Because the 50 nm dots had larger surface-to-volume ratio, the edge damage had larger influence on the magnetic properties of the dots. gives the reversing rate with the unit of (kOe) -1 . It was found that the FePt 100 nm dots had a very small reversing rate of 0.0038 (kOe) -1 , while the 50 nm dot had a larger reversing rate of 0.0095 (kOe) -1 . Hence, the 50 nm dot had larger magnetically soft phase-to-hard phase ratio, which agreed with the larger surface-to-volume ratio. This implied that ion milling would damage the dot edge and modify the magnetic properties of the dot.
Micromagnetic simulations were performed to study the influence of the magnetic inhomogeneity at the dot edge on the magnetic properties of the FePt nanodots. It was assumed that the magnetic anisotropy of the dot edge was reduced to 5×10 5 erg/cc by the ion milling damage. This assumption was made because the anisotropy of the FePt hard layer mainly relies on its long range L1 0 ordering which can be destroyed by Ar + ion milling. Figure 5 (a) showed the simulated coercivity after various damaged edge thicknesses were taken into account. A 2 nm damaged edge reduced the coercivity of the dot by half. Above 6 nm of the dot edge, the coercivity of the 100 nm dot outstood that of the 50 nm dot. Our experimental results showed that the 100 nm dots had larger coercivity than the 50 nm dots, which implied that the thickness of the damaged edge should be large. With 6 nm of damaged edge, the surface-to-volume ratio of the 50 nm dot is 0.4224, which is around 2 times of that of the 100 nm dot. Taking the thermal fluctuation at the surface of the dot into account, the reduction in coercivity of the 50 nm dot would be more compared to the 100 nm dot. Therefore, the damaged edge should not be larger than 6 nm.
The influence of the edge damage on the coercivity of the FePt/Fe nanodot was shown in 
Magnetic reversal in the L1 0 -FePt and L1 0 -FePt/Fe ECC nanodots
In this section, the magnetization reversal mechanism of the nanodots was characterized by the angular dependent coercivity and the simultaneously measured out-of-plane and in-plane magnetization. 
Magnetic domain structure
Lots of studies on the magnetic properties and magnetization reversal mechanism of the L1 0 -FePt based exchange couple/spring bilayer/multilayers have been reported so far. Similar studies on the L1 0 -FePt based patterned nanodots were less found. However, how the soft layer affects the magnetic domain state of the L1 0 -FePt-based patterned nanodots has not been reported yet. In this section, the magnetic domain structure of the L1 0 -FePt/Fe ECC nanodots at ac-demagnetized state would be presented. Figure 9 shows the magnetic domain structure at the remanent state after ac demagnetization of the FePt/Fe ECC bilayer samples before and after patterning. In the continuous film, magnetic multidomains were found in all the FePt/Fe ECC bilayers with various Fe thicknesses. However, the shape of the magnetic domains was irregular in the FePt single layer. With the increasing of Fe thickness, the magnetic domains became elongated and formed the random maze-like domains, which was usually found in the high-anisotropy ferromagnetic films [40] . To study the magnetic domain structures of the patterned nanodots, dots with various diameters (50 nm, 100 nm, 250 nm and 500 nm) were fabricated. Here, the magnetic domain structures of the 50 nm FePt/Fe ECC dots were not shown because all were magnetic single domains. In the FePt single layer, magnetic single domain was formed in the 100 nm dots as shown in figure 9 (a). As the dot size increased to 250 nm, two or more magnetic domains were formed. With the dot size further increased to 500 nm, multidomains structure was observed. This implied that the critical size of the magnetic single domain in FePt magnetically hard layer was between 100 nm and 250 nm. Theoretically, the critical size of the magnetic single domain was calculated based on a simple approximation that the domain wall energy was equal to the magnetostatic demagnetization energy. It was assumed that two magnetic domains were separated by a domain wall in the center of the rod as shown in figure 10 . The domain wall energy can be expressed by the following equation:
The demagnetization energy is:
where R is the radius of the dot, t is the height of the dot -16 nm, A is the exchange stiffness -1×10 -6 erg/cm, K u is the uniaxial magnetic anisotropy -2.08×10 7 erg/cc, M s is the saturation magnetization -1000 emu/cc.
Using numerical analysis, the critical single domain size of the 16 nm L1 0 -FePt nanodots was calculated to be around 242 nm when N in Equation (4) equal to z N in Equation (3).
Theoretically, a small amount of demagnetization energy would remain in the dot after forming two magnetic domains. Therefore, N is smaller than N z . the critical single domain size would be slightly smaller than 242 nm, but still much larger than 100 nm. In addition, the edge damage caused by ion milling and intrinsic magnetic defect would promote the domain configuration transition from single domain to multidomains at a smaller critical size [41] . This explained why more than two domains were founded in some 250 nm dots.
The magnetic domain structure of the 250 nm and 500 nm dots was modified by the exchange-coupling of Fe layer. With 2 nm Fe layer, the magnetic multidomains structure increase of the magnetic domain size by increasing the soft layer thickness had been reported experimentally by Wang [42] and theoretically by Suess [43] . 
Conclusions
